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Like many other rodent species, the wood lemming (Myopus schisticolor) exhibits cycles with large 
population peaks but unlike most other European rodents, these peaks are frequently followed by 
mass mortality. It is largely unknown what pathogens wood lemmings carry and if pathogens could 
affect their population dynamics. Pathogens together with predation, climate and food supply are 
the main suggested determining factors of population dynamics of small mammals. Here, I tested if 
pathogens and diseases might be involved in recent mass mortality events of the wood lemming. 
Therefore, I studied in total 223 wood lemmings from two areas in Värmland and Västerbotten 
county, Sweden. Samples originated from individuals that were found dead during population 
outbreaks in 2014 and 2017 together with snap-trapped individuals from 1995-2014. Liver and lung 
tissue were dissected from each individual and analysed in a laboratory for five pathogens known 
to be carried by and affecting rodent hosts: Arenavirus (AV), Ljunganvirus (LV), Tick-borne 
encephalitis virus (TBEV), Cowpox virus, Puumala orthohantavirus (PUUV) and additionally a 
broad covering Pan-orthohantavirus test. The prevalence of Puumala orthohantavirus in the sampled 
population was 4.5-9% while the analysis for Pan-orthohantavirus showed positive for 26.9% of the 
total sample. None of the individuals tested positive for AV, LV, TBEV, or Cowpox. The probability 
of infection with Pan-orthohantavirus increased with body weight of the individuals but no 
difference between sexes was found. A spleen-somatic index was used to test the hypothesis that 
this organ could be used as an indicator of disease, as it is largely connected to the immune system. 
The probability of infection increased with an increase in spleen index and there was a significantly 
higher spleen index seen in individuals testing positive for Pan-orthohantavirus. Wood lemmings in 
Värmland county showed a higher spleen index than animals in Västerbotten and the index was 
higher in individuals caught in traps than in individuals found dead. The spleen index revealed some 
interesting patterns, but more research is needed to reveal and understand actual causal relationships 
between pathogen infections and spleen index. None of the studied pathogens caused the observed 
mass mortality of wood lemmings. In this study, I was able to study a limited number of pathogens. 
Hence, I cannot refute the disease hypothesis. Instead, future studies focusing on the disease 
hypothesis should include other and potentially more fatal pathogens for wood lemmings. 
Keywords: wood lemming, Myopus schisticolor, disease, virus, pathogens, mass mortality, 
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1.1. Causes of population dynamics 
Small rodents, particularly at northern latitudes exhibit population fluctuations. 
These population fluctuations demonstrate as high numbers in one year, followed 
by a sudden drop in population density and almost absence the following year. 
These types of extreme fluctuations between years may create regular population 
cycles (Krebs & Myers 1974). 
   
Factors such as climate, food supply, predation and disease have long been 
suggested to regulate animal populations (Elton 1931). In Europe, cyclic patterns 
in microtine rodents have initially been ascribed to populations in mainly northern 
parts of Fennoscandia (Henttonen et al. 1985), while more recent studies have 
identified cyclicity in large parts of Europe (Cornulier et al. 2013). Studies of 
rodents in the northern hemisphere have shown that populations often fluctuate 
regularly in cycles and synchronously (Krebs and Myers 1974; Hörnfeldt 1994). 
Decades of research have looked at what single or combination of factors can 
explain the cyclic patterns seen in rodent populations and have suggested different 
potential causes (Myers 2018). A prerequisite for cyclicity is delayed density 
dependence (Hörnfeldt 1994). The synchronous fluctuations in Fennoscandian 
populations of microtine species was seen as a support for the hypothesis of 
predation as one of the driving factors for population cycles (Korpimäki et al. 2004), 
but it is still debated if there are general top-down (predation) or bottom-up (e.g., 
food) drivers of cyclicity (Myers 2018). Also, the early hypothesis that diseases and 
epidemics are core factors for controlling cyclicity in rodents (Elton 1931; Elton et 
al. 1935) gets increased attention (Feore et al. 1997; Burthe et al. 2008; Andreassen 
et al. 2020). Indeed, demography, behaviour, predation and/or habitat can affect the 
mortality of a species, and these factors have also been shown to affect the 
prevalence of pathogens in rodent populations (reviewed in Khalil et.al. 2014).  
 
An extended low-phase is characterised by prolonged low population densities for 




such a low phase in population cycles include both extrinsic (environmental) and 
intrinsic (social) factors (Boonstra et.al. 1998). Extended low phase was observed 
on Wrangle island, Russia where only 10-18% of the mortality for Arctic lemming 
(Dicrostonyx torquatusand) and Siberian brown lemming (Lemmus sibiricus) were 
caused by predators (Boonstra et al. 1998). The only predators for lemmings found 
on Wrangle island are arctic fox (Vulpes lagopus), snowy owl (Bubo scandiaca) 
and pomarine skua (Stercorarius pomarinus) (Menyushina et al 2012). Predators 
are suggested to be of great importance for the decline of a population along with 
diseases and the time lag between prey and predator population peaks keeps prey 
species at low densities (Pearson 1966; MacLean et al. 1974). 
1.2. Epizootic and zoonotic diseases 
An epizootic is a disease within an animal population while a zoonotic disease is 
the result of an infectious pathogen transmitted from animals to humans or vice 
versa. An example of important transmission routes for zoonotic diseases are 
through pets that we in our modern society bring inside more as a family member 
rather than keeping them outside as guard dogs and rodent deterring cats (Marshall 
2011). Another major factor is the encroachment of humans on wildlife habitats. 
Each year, approximately 14 million people die around the world because of 
endoparasitic infectious organisms capable of being pathogenic in humans 
(Woolhouse 2002). About 150 000 - 200 000 people contract disease caused by 
zoonotic orthohantaviruses (Schmaljohn and Hjelle 1997). 
1.2.1. Orthohantavirus 
Orthohantaviruses are RNA viruses hosted by rodents, bats, shrews and moles 
(Vaheri et al. 2013) but only a few rodent species within the families of Cricetidae 
and Muridae seem to carry zoonotic viruses (Olsson et al. 2010). One of the most 
common transmission routes for orthohantaviruses are through inhaling particles of 
excrements or secretes from an infected rodent (reviewed by Forbes et al. 2018). 
Rodents are overrepresented among reservoirs of zoonotic pathogens (Han et al. 
2016). An example of such a disease is nephropathia epidemica in humans caused 
by the Puumala orthohantavirus (PUUV). This virus is known to be carried by the 
bank vole (Myodes glareolus) that can be found almost all over Europe. During the 
high-density phase of the bank vole, transmission to humans is effective and can 
therefore cause epidemics of nephropathia epidemica (Khalil et al. 2019). 
Symptoms of this disease include fever, headaches, nausea, vomiting and can also 
cause spleen haemorrhage and haemorrhage or necrosis of the pituitary gland 
(Vapalahti et.al. 2003). The prevalence of orthohantaviruses in rodent populations 
has been recorded in several studies to be higher in males (Olsson et al. 2002; 
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Yahnke et al. 2001) and increases with the age of the individual (Kallio et al. 2006). 
Orthohantavirus infections are suggested to affect winter survival (Kallio et al. 
2007), juvenile survival (Douglass et al. 2001) and weight gain (Douglass et al. 
2007) in the rodent host; all of which with a potential to affect population dynamics 
of the reservoir host. 
1.2.2. Ljungan virus  
The Ljungan virus (LV) is an RNA virus mainly carried by the bank vole. In 
Fennoscandia, Fevola et.al. 2017 showed that LV was present in 13 of 17 study 
sites and with an overall mean prevalence of 16%. The study showed that the 
highest prevalence was found in the intermediate sized individuals rather than light 
(young) or heavy (old) individuals (Fevola et al. 2017). The zoonotic potential of 
LV is still debated (Jaaskelainen et al. 2016). However, LV might have a negative 
impact on the health status of its host (Niklasson et al. 2003). 
1.2.3. Arenavirus  
Arenaviruses (AV) is a group RNA virus comprising several strains known to cause 
disease in humans and just like orthohantaviruses, they are host specific with 
rodents being the primary reservoir (Jay et al. 2005). The Arenaviruses cause a 
chronic and for a long time seemingly asymptomatic infection in rodents and is 
spread both within the rodent population and to other species through feces, urine 
and saliva (Zapata and Salvato 2013). Some studies have shown Arenaviruses to 
affect survival, weight and fecundity (Vitullo et al. 1987; Vitulllo and Merani 1988; 
Borremans et al. 2011).    
1.2.4. Cowpox virus  
Cowpox virus is a DNA virus and found in a wide range of species including 
rodents. Rodents are considered the reservoir host and the virus can be transmitted 
to humans where it can be pathogenic (Bennett et al. 1997), even though human 
cases are rare (Hazel et al 2000). Although cases in humans are rare, it can have a 
fatal outcome (Czerny et al. 1991; Pelkonen et al. 2003). Cowpox is transmitted 
through animal contact and can be pathogenic in domestic and zoo animals (Vorou 
et al 2008). In field voles (Microtus agrestis), there is a potential correlation 
between Cowpox infection and mortality (Burthe et al. 2008). Potential secondary 
host effects could also be triggered in stressed or malnourished individuals that get 
weakened or affected by other pathogens (Telfer et al. 2002).  
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1.2.5. Tick-borne encephalitis virus  
Tick-borne encephalitis virus (TBEV) is a vector-borne RNA virus that is 
commonly spread through the saliva of an infected tick during its bite (Lindquist 
and Vapiti 2008; Haditsch and Kunze 2013). The disease, tick borne encephalitis 
(TBE) is of varying severity in humans. Patients can show symptoms ranging from 
an uncomplicated fever to a severe encephalitis resulting in inflammation of the 
central nervous system and can in some cases lead to death (Haditsch and Kunze 
2013). Tick-borne encephalitis is affecting 2000-3500 people in Europe annually 
(Gritsun et al. 2003; Beauté et al. 2018).  
 
The virus also has a wide variety of vertebrate hosts in both wild and domestic 
animals (Haditsch and Kunze 2013). Small mammals such as rodents are important 
hosts of TBEV (Achazi et al. 2011). Rodents function as reservoir hosts for the 
virus implying that they maintain and amplify TBEV (Süss 2003). They can 
maintain the virus through a persistent and latent infection throughout the year 
depending on the virus strain (Tonteri et al. 2011; Mansfield et al. 2009). Tonteri et 
al. (2013) highlighted the lack in knowledge of potential secondary effects of 
infection on mortality in the rodent reservoir. 
1.3. Somatic index – a tool for research on disease? 
Estimating an animal’s resistance, susceptibility and response to pathogens and 
diseases is challenging. An organ-somatic index (organ weight divided by 
bodyweight of the animal) could be used as a proxy in such an assessment (Hadidi 
et al. 2008). Somatic indexes have frequently been used in ecotoxicological studies 
where changes in relative organ weight have been observed in relation to exposure 
to environmental contaminants (Bankowska and Hine 1985; Ma 1989; Ecke et al. 
2018). The spleen is an organ handling immune system reactions (Davydova et al. 
2011). Using a spleen-somatic-index for pathological studies could theoretically be 
possible as it is also known that pathogens can affect and change the intestinal 
physiology of an animal with spleen being one of the most commonly infected 
organs (Baker 1998). Spleen size can be related to the health status of an individual 
(Blomqvist et.al 2002; Jackson et al. 2011), but not exclusively, as it can also be 
determined by other factors (Davydova et al. 2011), such as physical exhaustion 
(Barcroft and Stephens 1927), dietary components (Puangkaew et al. 2005), 




1.4. Wood lemming (Myopus schisticolor) 
Lemmings belong to the subfamily Arvicolinae, microtine rodents (lemmings, 
voles & muskrats) and are mostly spread across the arctic and subarctic zone but 
also occur in mountainous areas in the more northern temperate zone (Stenseth & 
Ims 1993). The wood lemming is predominantly distributed in the taiga biome and 
recolonized Fennoscandia after the last glaciation. It prefers old-growth spruce 
dominated forests rich in mosses, especially where Dicranum spp., its main 
preferred food occurs (Eskelinen 2004). 
  
Like other rodent species in Fennoscandia, the wood lemming also exhibits cyclic 
population fluctuations (Eskelinen et al. 2004; Bobretsov et al. 2017; Wegge and 
Rolstrad 2018). In parts of Finland and Russia, wood lemming populations have 
both been seen to exhibit cycles with a periodicity of 3-4 years, as well as no 
detectable periodicity (Vuorinen and Eskelinen 2005; Bobretsov et al. 2017). 
Population dynamics of wood lemmings can display fairly regular cycles and/or 
outbreaks with irregular time intervals (Wegge and Rolstad 2018), often being out 
of synchrony with other sympatric rodent species (Bondrup-Nielsen & Ims 1987).  
 
Population outbreaks of wood lemmings are often followed by mass mortality 
where dead wood lemmings can be found even in urban areas, i.e., in usually 
avoided habitat (Eskelinen 2004). Mass mortality of a species is an event defined 
by a substantial proportion of a population dying due to increased mortality in all 
life stages of the species. This occurs often as a consequence of demographic 
catastrophes, examples of that can be climate events, or diseases (Kock et al. 2018). 
Because of the differing cycle patterns and non-clear correlation with existing 
predator densities, it has been discussed that the wood lemming in some areas might 
be more affected by other factors such as food or disease (Eskelinen et al. 2004). 
Predation-based mortality was tested by Wallgren (2019) where he found that in 
Värmland County, Sweden, in the years of 2014 and 2017, only 40% of the 
population mortality were caused by predation. Hence, there must be other 
contributing causes triggering mass mortality of wood lemmings.  
 
Wood lemmings and Arctic lemmings (Dicrostonyx torquatus) are two species 
known for their skewed, female-biased sex ratio with a unique genetic system 
(Gileva & Fedorov 1991). The proportion of males in a wood lemming population 
varies around 25% (Fredga et al. 1977; Stenseth 1978) but can increase to almost 
50% during population decline (Krebs & Myers 1974). Both lemming species have 
two different forms of X chromosomes, the natural X chromosome and a mutated 
form, X*, that results in three genotypes of females (XX, X*X and X*Y) and one 
genotype of males (XY). The mutated X chromosome (X*) has a 100% chance of 
being passed to the next generation. In wood lemmings, females with X*X have 
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been recorded to produce 75% females and females with X*Y produces 100% 
females (Gileva & Fedorov 1991). 
 
1.5. Aims of the project 
The aim of my thesis is to increase our understanding of the role of pathogens in 
mass mortality of wood lemmings. There are many pathogens that potentially can 
be fatal for wood lemmings. Here, I took the rare opportunity to study the presence 
and prevalence of Arenavirus, Cowpox virus, Ljungan virus, Tick-borne 
encephalitis virus and a broad-covering orthohantavirus test, from hereon called 
Pan-orthohantavirus, including Puumala orthohantavirus. Wood lemmings were 
opportunistically sampled found-dead during two population outbreaks in Sweden. 
I compared the found-dead lemmings to a set of individuals caught in snap-traps 
from the two outbreaks as well as from non-outbreak years. 
  
To assess if pathogen presence is related to physiological effects, I studied the 
spleen-somatic index of wood lemmings and hypothesized that pathogen infection 
is associated with an enlarged spleen, and therefore giving a high spleen-to-body-
weight ratio. Apart from expecting that spleen size positively correlates to the 
probability of infection, I also hypothesize that a higher spleen size will be seen in 
males due to their higher tendency of infection.  The probability of infection with 
at least orthohantavirus will be positively correlated with the weight of the 
individual as stated in previous studies.  
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2.1. Wood lemming samples 
My thesis comprised of 223 wood lemming specimens, caught in traps or found 
dead and were sampled in various projects, locations (Table 1, Figure 1) and 
periods. In Värmland County, lemmings included snap-trapped individuals and 
specimens that were found dead in the outbreak years of 2014 and 2017. In the 
Västerbotten County, lemmings were snap-trapped in the non-outbreak years 1995, 
1997, 1999, 2004, 2005, 2007 and 2014. Of all 223 lemmings used in the study, 57 
were trapped and 164 were found dead. The remaining two specimens lacked 
details on how they were caught.  
Table 1. Localities of lemming captures/findings. Lemmings were sampled within the vicinity of 
these locations. Vindeln in Västerbotten, located in the north of Sweden and remaining locations 
located in Värmland county, southern Sweden. 




Stöllet, Värnnässjön 19 
Filipstad 13 













Figure 1. Map of Sweden showing the areas of sample collection in yellow circles. The northern 
area is located in Västerbotten County (Vindeln) and comprised snap-trapped animals from 1995, 
1997, 1999, 2004, 2005, 2007 and 2014, while the southern area in Värmland County (Lennartsfors, 
Gustavsfors Stöllet, Värnnässjön, Filipstad Glaskogen, Hagfors, Geijersholm, Rösberget, Acksjön, 
Starra, Storön, Älgsjöberg) comprised found dead and snap-trapped animals from 2014 and 2017. 
Map taken and altered from Google maps. 
2.2. Dissections 
In the laboratory, I dissected 133 wood lemmings and excised spleen, kidneys, liver 
and lungs and stored the organs in individual tubes at -20ºC. Remaining organs 
from 90 individuals were available from previous studies. 
  
Dissection was performed with scalpel, scissors and tweezers. To prevent 
contamination between organs and specimens by potential pathogens, tools were 
changed before collecting samples from each new individual and separate tools 
were used in the abdominal cavity and chest cavity. Tools were sterilized after each 
dissection in a three-stage treatment. First, used tools were put in ethanol until the 
end of each day, tools were then transferred to a VirkonTM solution overnight. In 
the morning, VirkonTM-treated tools were washed off in soap water and burned 
over a candle. 
 
The whole procedure was executed in a biosafety cabinet and a biosafety level 2 
(BSL-2) lab, wearing lab coat and powder-free surgical gloves. Gloves were 
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changed between each individual to not contaminate any samples and each 
dissection was done on a separate paper sheet. All disposable material used such as 
gloves and paper sheets were put in a hazardous waste container after each 
performed dissection. 
2.3. Analysis of organs 
Liver (≃25 mg) and lung (≃25 mg) samples were mechanically homogenized 
separately using FastPreps 120 (Q-BIOgene, Irvine, CA, US) at 6.5 m/s for 20 s. 
Samples were subsequently analyzed with polymerase chain reaction (PCR) 
methods. For analysis, the 223 sampled individuals were organized in 132 pools 
comprising 2-4 individual lemming RNA. All analyses were performed in the 
laboratory at the Department of Clinical Microbiology, Umeå University. 
2.3.1. Extraction of viral nucleic acid  
Extraction of total viral nucleic acid (TVNA) was performed with the Viral NA 
Extraction Kit using the magnetic bead-based method (DiaSorin, Dublin, Ireland). 
The procedure was performed according to the manual (total Viral NA 94, 
DiaSorin, Ireland), with 250 μL of the homogenate and 10 μL of protein kinase K 
(Qiagen, Hilden, Germany) in 1.5 mL sterile micro-centrifuge tubes. Afterwards, 
viral nucleic acid was extracted and collected in an elution volume of 50 μL. The 
TVNA organized in 132 pools each comprising 2 up to 4 individual lemming 
TVNA according to sample type. 
2.3.2. Arenavirus PCR 
RT-PCR detection of Arenaviruses was conducted on TVNA obtained directly from 
tissue using the SuperScript™ III OneStep RT-PCR Reverse Transcriptase (RT) 
with Platinum™ Taq DNA Polymerase (Invitrogen, Carlsbad, CA, US). The PCR 
targeted the L gene of Arenaviruses using primers LVL3359A-plus, LVL3359D-
plus, LVL3359G-plus, LVL3754A-minus, and LVL3754D-minus as described by 
(Vieth et al. 2007).  
2.3.3. Cowpox virus PCR 
The Cowpox virus PCR was performed according to Sandvik et al. (1998) using the 
primers: ortho-TK-1 primer (sense) 5′-AAAAGTACAGAATTAATTAG-3′ and 
the ortho-TK-2 primer (antisense) was 5′-TTCAGATAATGGAATAAGAT-3′ 
(Hurby et al. 1983).  
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2.3.4. Ljungan virus PCR 
Extracted TVNA was reverse-transcribed into cDNA by using the SuperScript™ 
III OneStep RT-PCR Reverse Transcriptase (RT) with Platinum™ Taq DNA 
Polymerase (Invitrogen, Carlsbad, CA, US). Each RNA sample was then run in 
duplicate in an LV-specific real-time reverse transcriptase PCR, following Donoso 
Mantke et al. (2007), using the forward primer 5′-GCGGTCCCACTCTTCACAG-
3´and the reverse primer 5′-GCCCAGAGGCTAGTGTTACCA-3´ (Mantke et al. 
2007).  
2.3.5. Pan-orthohantavirus PCR 
TVNA was screened for orthohantavirus RNA with a nested 264 PCR as described 
by (Meheretu et al. 2019) targeting a 347 nucleotide-long part of the polymerase 
(L) gene of the orthohantavirus 265 genomes using primers  
Han-L-F1: 5’-ATGTAYGTBAGTGCWGATGC-3’;  
Han-L-R1: 5’-266AACCADTCWGTYCCRTCATC-3’;  
Han-L-F2: 5’-TGCWGATGCHACIAARTGGTC-3’;  
Han267 L-R2: 5’-GCRTCRTCWGARTGRTGDGCAA-3’ (Klempa et al. 2006).  
2.3.6. Puumala orthohantavirus PCR 
TVNA was subjected to a real-time reverse transcriptase (RT) PCR method for 
detection of PUUV RNA as described by Evander et al. (2007). The real-time RT-
PCR targeted the S-gene of the Puumala virus.  
2.3.7. Tick-borne encephalitis virus PCR 
TVNA was screened for Tick-borne encephalitis virus (TBEV) RT-PCR using the 
the QuantiTect SYBR green RT-PCR kit (Qiagen) on a LightCycler 1.5 instrument 
(Roche) with Primers and TaqMan probe for the TBEV RNA as previously 
described by Schwaiger and Cassinotti (2003). 
2.4. Spleen-somatic index 
For each specimen, I calculated the spleen-somatic index, from here on called 
spleen index, by dividing the weight of the spleen by the full body weight of each 
individual and expressed as percentage of total bodyweight. The spleen index 
therefore gives the relative weight of the organ to the weight of the animal.  
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2.5. Statistical analysis 
Neither the raw nor transformed spleen index met the assumption of normal 
distribution necessary for parametric tests. Instead of transformations and for 
simplicity, I used the non-parametric Mann Whitney U, also known as Wilcoxon 
rank sum test (McKnight and Najab 2010), for group comparisons of the spleen 
index. The Mann Whitney U test was used to analyze differences in spleen size 
between sexes, counties, cause of death (trapped vs. found dead) and between 
infected and non-infected individuals. 
 
To analyze what affects the probability of pan-orthohantavirus infection, I used 
fixed generalized linear models (glm) where the response variable was a factor with 
2 levels (Positive and Negative). 
 
Microsoft Excel was used for data storage and creating tables. For all Statistical 
analysis, R and RStudio software was used (R Core Team, 2018). I used the package 
“ggplot2”to create graphics, “arm” for checking Pearson correlation coefficients 
and the incorporated glm() and wilcox.test() functions for statistical analysis. 
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3.1. Pathogen prevalence 
Of the 132 analyzed pools, 35 tested positive for Pan-orthohantavirus by nested 
PCR. Within these 35 positive pools, 60 individuals (26.9% of total sample) tested 
positive using Pan-orthohantavirus nested PCR. Of the 35 Pan-orthohantavirus 
positive pools, five pools recorded CT values from a Puumala orthohantavirus 
(PUUV) specific qRTPCT. Hence, PUUV was present in 4.5-9% of the sampled 
wood lemming population. All 132 pools tested negative for Arenavirus, Cowpox 
virus and Tick-borne encephalitis virus (TBEV). 
3.1.1. Probability of Pan-orthohantavirus infection 
The probability of infection increased with increased body weight (Figure 2, Table 





Figure 2. Predicted probability of Pan-orthohantavirus infection in wood lemmings as a function of 
body weight including male and female wood lemmings, found-dead and trapped in the county of 
Värmland in the years of 2014 and 2017 (n = 132). 
Table 2. Modeling result from a generalized linear model for the effect of weight on the probability 
of testing positive for Pan-orthohantavirus. The value of Pr(>z) showing a value of <0.05 suggests 
the relevance of the variable and it being significant to explaining the data. 
N Variable Estimate SE Z Pr(>z) 





Figure 3. Predicted probability of Pan-orthohantavirus infection in wood lemmings found dead and 
trapped in the county of Värmland (males n =22, females n =108) as a function of body weight and 
sex. 
Table 3. Modeling result from generalized linear model for the effect of weight and sex on the 
probability of testing positive for Pan-orthohantavirus. The Pr(>z) value for sex here showing >0.05 
suggests the irrelevance of the variable and it being non-significant to explaining the data. 
N Variable Estimate SE Z Pr(>z) 
132 Weight (g) 0.122 0.049 2.489 0.013 
 Sex. Male 0.379 0.500 0.758 0.448 
 
3.1.2. Spleen-somatic index 
The probability of Pan-orthohantavirus infection increased with increased spleen 




Figure 4. Predicted probability of Pan-orthohantavirus infection in wood lemmings (males and 
females, found-dead and trapped in the county of Värmland; n = 132) as a function of spleen index 
(organ-to-body-weight ratio). 
Table 4. Generalized linear model predicting the probability of wood lemmings testing positive for 
Pan-orthohantavirus as a function of spleen index. The value of Pr(>z) showing a value of <0.05 
suggests the relevance of the variable and it being significant to explaining the data. 
N Variable Estimate SE Z Pr(>z) 
132 Spleen 
index 
215.705 84.217 2.561 0.010 
 
Modeling both spleen index and county revealed significantly higher probability of 
infection in Värmland than in Västerbotten (P=0.035, Figure 5, Table 5). Adding 





Figure 5. Predicted probability of Pan-orthohantavirus infection in wood lemmings caught in traps 
as a function of spleen index and county (Värmland n =26, Västerbotten n =29). 
Table 5. Modeling result from generalized linear model for the effect of spleen index and county on 
the probability of testing positive for Pan-orthohantavirus. The Pr(>z) value for county here 
showing <0.05 suggests the relevance of the variable and it being significant to explaining the data. 
N Variable Estimate SE Z Pr(>z) 
55 County 
Västerbotten 
-1.331 0.630 -2.113 0.035 
 Spleen 
Index 
103.521 58.971 1.755 0.079 
 




Figure 6. Relationship between spleen index (organ-to-body-weight ratio) and body weight for male 
and female wood lemmings (found-dead and trapped) in Värmland and Västerbotten County (n = 
161). The dashed horizontal line shows the mean spleen index. Above the mean spleen index: n = 
22 positive and n = 23 negative. Below the mean spleen index: n = 26 positive and n = 90 negative. 
 
The spleen index was higher in Pan-orthohantavirus positive than in negative 
individuals (P=0.019, Figure 7). 
 
Figure 7. Median spleen index (Organ-to-body-weight ratio) (-/+ 25th and 75th percentiles and 
minimum respectively maximum observation) for male and female wood lemmings, trapped and 
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found dead that tested negative (n = 113) and positive (n = 48), respectively, for Pan-
orthohantavirus. 
 
At county level, the somatic index did not differ between Pan-orthohantavirus 
positive and negative specimens (Figure 8). Pan-orthohantavirus negative 
individuals in Värmland had a significantly higher spleen index compared to the 
negative individuals collected in Västerbotten (P-value=0.026, Figure 8). There 
was no difference in the somatic index between Pan-orthohantavirus positive 
individuals in Värmland and positive individuals in Västerbotten (P-value=0.320, 
Figure 8).  
 
Figure 8. Median spleen index (organ-to-body-weight ratio) (-/+ 25th and 75th percentiles and 
minimum respectively maximum observation) for male and female wood lemmings, found dead and 
trapped in the counties of Värmland and Västerbotten. Värmland: positive n = 42, negative n = 90 
Västerbotten: positive = 6, Negative n = 23. 
 
In addition, the spleen index did not differ between male and female wood 
lemmings (P= 0.951, Figure 9). The difference between the sexes remained 
unsignificant also when only looking at negative or positive individuals (only 
negative giving P=0.713 and only positive giving P=0.427, Figure 9). Within sexes, 
comparisons showed that Pan-orthohantavirus positive females had a higher spleen 
index than negative females (P=0.018, Figure 9), while the spleen index did not 




Figure 9. Median spleen index (Organ-to-body-weight ratio) (-/+ 25th and 75th percentiles and 
minimum respectively maximum observation) ) for female (F) and male (M) wood lemmings, trapped 
and found dead that tested negative and positive, respectively, for Pan-orthohantavirus. Females: 
n=39 positive and n=92 negative, Males: n = 8 positive and n = 20 negative. 
 
Trapped individuals had a higher spleen index than found dead individuals 
(P<0.001, Figure 10). Comparing trapped individuals between the two counties 
showed a higher spleen index in the Värmland County (P<0.001, Figure 10). 
 
Figure 10. Median spleen index (organ-to-body-weight ratio) (-/+ 25th and 75th percentiles and 
minimum respectively maximum observation) for male and female wood lemmings in Värmland and 
27 
 
Västerbotten County. In Värmland, lemmings were trapped and collected if found dead while 
specimens were trapped, only, in Västerbotten. Värmland: found dead n = 117, trapping n = 26, 
Västerbotten: found dead = no sampling, Trapping n = 29 
 
The spleen index did overall not differ between the outbreak years 2014 and 2017 
(P=0.134, Figure 11) and there was no year effect either when accounting for 
infection status (Pan-orthohantavirus positive: P=0.751, Pan-orthohantavirus 
negative: P=0.139; Figure 11). 
 
Figure 11. Median spleen index (organ-to-body-weight ratio) (-/+ 25th and 75th percentiles and 
minimum respectively maximum observation) for male and female wood lemmings found dead in 
Värmland County in 2014 and 2017. 2014: positive n = 13, negative n = 31, 2017: positive n = 15, 




From the sampled population of wood lemmings, 26.9% was found to carry 
hantavirus. Only 4.5-9% of these individuals were carrying PUUV, meaning that a 
great number of individuals likely carried other hantaviruses.  
 
Modeling the probability of infection in wood lemmings as a function of weight 
showed a significant, positive effect as weight increased. This same relationship 
(Figure 1) has earlier been seen in bank voles and PUUV (Khalil et al. 2016). This 
strengthens the hypothesis that weight, and potentially age, are important factors 
for wood lemmings to be infected with an orthohantavirus. The results show that 
sex had no significant effect on probability of infection (Figure 3). However, non-
significance between the sexes has also been seen in comparisons of PUUV infected 
bank voles (Tersago et al. 2008). Other studies of disease in rodents have contrarily 
shown higher infections in male individuals than females (Bernshtein et al. 1999; 
Olsson et al. 2003; Kallio et al. 2010).  
 
Individuals testing positive for Pan-orthohantavirus showed a significantly higher 
spleen index than those testing negative (Figure 4 & 7). Changes in spleen 
size/morphological characteristics during an infection is nothing new and has 
earlier been seen in both humans infected with PUUV (Koskela et al. 2014) and 
rodents infected with Sin Nombre virus (SNV) (Netski et al. 1999). This makes 
evident, the degree of physical change that can occur when an individual is affected 
by pathogens or other stress factors. More importantly, body weight and spleen 
weight showed weak correlation, (Pearson correlation test, Coefficient = 0.29, 
P<0.01), which illustrates why both are important factors in explaining probability 
of infection. Sex was found to have no significant effect on the spleen index. 
Contrarily to this, several studies have found a higher risk of disease in males 
(Bernshtein et al. 1999; Olsson et al. 2003; Kallio et al. 2010).  
 
To find dead wood lemmings is almost impossible during non-outbreak years 
(Ecke, personal communication) and during non-outbreak years, sample sizes for 
wood lemmings are generally low (Ecke et al. 2017). Hence, to use the rare 




potential of pathogens and diseases to drive population dynamics including mass 
mortality of wood lemmings. 
 
The spleen index amongst negative individuals showed to be significantly higher 
in Värmland. As these did not test positive for the pan-hantavirus, this group of 
southern lemmings might have been affected by something else impacting their 
health. Further studies should be made to investigate if this could be due to another 
pathogen or other unknown factors. 
 
The spleen index was significantly higher in trapped animals than in individuals 
found dead. This comparison was only made within the county of Värmland. Of the 
individuals that were found dead, 26% (30 positives of n=114) tested positive, while 
54% of trapped (14 positives of n=26) individuals tested positive. The large 
difference in total number of samples between the groups could be a bias in our 
results. Nevertheless, this is an interesting find, as it could potentially mean that the 
virus-carrying lemmings differ in terms of behavior and are therefore more likely 
to be caught in traps. The fact that sick rodents could be more prone to trapping and 
therefore also affect the statistical outcome has been studied before, especially 
when having a low number of samples (Stryjek et al. 2019). 
 
There was no difference in spleen index between the peak years, which was 
expected as the number of diseased individuals should be similar between these 
years compared to the non-peak years. No comparisons between peak years and 
non-peak years were made, again due to very low sample numbers. The non-peak 
years had only one to five individuals collected. 
 
When adding county in the model to predict the probability of infection (Figure 5), 
spleen index became non-significant (Table 5). This would suggest that county is 
more important than spleen index and the result would not be in line with the 
hypothesis of spleen being used as an indicator for disease. This change in 
significance could be due the fact that in this comparison I excluded lemmings that 
were found dead, and only compared trapped individuals, therefore also affecting 
the impact that spleen index might have on the probability of infection. 
 
Sex was not a significant factor for predicting disease. This result should be 
interpreted with caution, as the number of individuals included in this test were 
largely uneven (22 males and 108 females). A more even sex representation in my 
samples would have been needed to draw any definite conclusions. The result here 
is probably affected by the low number of males included in the test, 40% of males 




Age is a very important factor when looking at survival rates. However, using 
weight exclusively as an index for age should be done with caution. It has been seen 
to be much less reliable and more variable with environmental conditions than other 
methods of age determination (Fuller 1988; Janova et al. 2007). In further studies 
of disease in wood lemmings, true age could be another area of focus to investigate.  
 
The idea of using a spleen-somatic index to predict disease has been explored 
before. Davydova et al. (2011) stated that there is too little known about what 
exactly determines the changes in spleen size and more scientific trials are needed 
before spleen size can be used as an indicator for diseases. These results should 
therefore be considered, but they are not robust enough for us to draw conclusions 
on the ability of spleen enlargement to predict disease. More research needs to be 
done, as many other factors could be causing this response. 
 
I found a higher probability of infection in Värmland, which suggests the necessity 
for testing wood lemmings for different orthohantaviruses than PUUV. Further 
research should aim to evaluate what different strains of hantavirus are present in 
the population of wood lemmings in Sweden. Today, there are over 40 known 
hantaviruses in the world. In 2013, Seoul hantavirus was found in imported pet rats 
in Sweden (Lundkvist et al. 2013). Knowledge of historical introductions of foreign 
hantaviruses greatly supports the need-to-know which hantaviruses are affecting 
the wood lemming population in Sweden.  
 
In this study, I was able to shed further light on pathogens hosted by wood 
lemmings, but I did not find any support for the disease hypothesis, i.e. that 
pathogens and subsequent diseases might cause mass mortality in wood lemmings. 
Future studies should focus on potentially more fatal pathogens for wood lemmings 
including Listeria monocytogenes (Skarén 1981) or Toxoplasma gondii (Ingram et 
al 2013). Focus should also be in gathering enough material for comparing years of 
population outbreaks with years of low density. This would allow one to look at 





Achazi, K., Růžek, D., Donoso-Mantke, O., Schlegel, M., Ali, H.S., Wenk, M., 
Schmidt-Chanasit, J., Ohlmeyer, L., Rühe, F., Vor, T. and Kiffner, C., 
2011. Rodents as sentinels for the prevalence of tick-borne encephalitis 
virus. Vector-borne and zoonotic diseases, 11(6), pp.641-647. 
Andreassen, H.P., Sundell, J., Ecke, F., Halle, S., Haapakoski, M., Henttonen, H., 
Huitu, O., Jacob, J., Johnsen, K., Koskela, E. and Luque-Larena, J.J., 
2020. Population cycles and outbreaks of small rodents: ten essential 
questions we still need to solve. Oecologia, pp.1-22. 
Baker, D.G., 1998. Natural pathogens of laboratory mice, rats, and rabbits and 
their effects on research. Clinical microbiology reviews, 11(2), pp.231-
266. 
Bankowska, J. and Hine, C., 1985. Retention of lead in the rat. Archives of 
environmental contamination and toxicology, 14(5), pp.621-629. 
Barcroft, J., and J. G. Stephens. 1927. Observations upon the size of the spleen. J. 
Physiol. 64: 1–22  
Beauté, J., Spiteri, G., Warns-Petit, E. and Zeller, H., 2018. Tick-borne 
encephalitis in Europe, 2012 to 2016. Eurosurveillance, 23(45), 
p.1800201. 
Bennett, M., Crouch, A.J., Begon, M., Duffy, B., Feore, S., Gaskell, R.M., Kelly, 
D.F., McCracken, C.M., Vicary, L. and Baxby, D., 1997. Cowpox in 
British voles and mice. Journal of comparative pathology, 116(1), pp.35-
44. 
Bernshtein, A.D., Apekina, N.S., Mikhailova, T.V., Myasnikov, Y.A., Khlyap, 
L.A., Korotkov, Y.S. and Gavrilovskaya, I.N., 1999. Dynamics of 
Puumala hantavirus infection in naturally infected bank voles 
(Clethrinomys glareolus). Archives of virology, 144(12), pp.2415-2428. 
Blomqvist, S., Holmgren, N,. Åkesson, S., Hedenström, A., Pettersson, J. 2002. 
Indirect effects of lemming cycles on sandpiper dynamics: 50 years of 
counts from southern Sweden. Oecologia (2002) 133: pp 146-158 
Bobretsov, A.V. and Lukyanova, L.E., 2017. Population dynamics of wood 
lemming (Myopus schisticolor) in different landscapes of the Northern 
Pre-Urals. Russian Journal of Theriology, 16(1), pp.86-93. 
Bondrup-Nielsen, S. & Ims, R., A. 1987. Demography during a population crash 
of the wood lemming, Myopus schisticolor. Department of Biology, 




Boonstra, R., Krebs, C., J., & Stenseth N., C. 1998. Population cycles in small 
mammals: The problem of explaining the low phase. Ecological society of 
America. Ecology 79(5). pp. 1479-1488 
Borremans, B., Leirs, H., Gryseels, S., Günther, S., Makundi, R. and de Bellocq, 
J.G., 2011. Presence of Mopeia virus, an African arenavirus, related to 
biotope and individual rodent host characteristics: implications for virus 
transmission. Vector-Borne and Zoonotic Diseases, 11(8), pp.1125-1131. 
Burthe, S., Telfer, S., Begon, M., Bennett, M., Smith, A. and Lambin, X., 2008. 
Cowpox virus infection in natural field vole Microtus agrestis 
populations: significant negative impacts on survival. Journal of Animal 
Ecology, 77(1), pp.110-119. 
Childs, J.E. and Peters, C.J., 1993. Ecology and epidemiology of arenaviruses and 
their hosts. In The Arenaviridae (pp. 331-384). Springer, Boston, MA. 
Cornulier, T., Yoccoz, N.G., Bretagnolle, V., Brommer, J.E., Butet, A., Ecke, F., 
Elston, D.A., Framstad, E., Henttonen, H., Hörnfeldt, B. and Huitu, O., 
2013. Europe-wide dampening of population cycles in keystone 
herbivores. Science, 340(6128), pp.63-66. 
Czerny, C.P., Eis‐Hübinger, A.M., Mayr, A., Schneweis, K.E. and Pfeiff, B., 
1991. Animal poxviruses transmitted from cat to man: current event with 
lethal end. Journal of Veterinary Medicine, Series B, 38(1‐10), pp.421-
431. 
Davies, B. N., and P. G. Withrington. 1973. The actions of drugs on the smooth 
muscle of the capsule and blood vessels of the spleen. Pharmacol. Rev. 25: 
373–413  
Davydova, Y.A., Mukhacheva, S.V., Kshnyasev, I.A., Drozdova, L.I. & 
Kundryukova, U.I. 2011, "Spleen hypertrophy in small mammals: An 
ecological and histological analysis", Doklady Biological Sciences, vol. 
440, no. 1, pp. 297-9. 
Douglass, R.J., Calisher, C.H., Wagoner, K.D. and Mills, J.N., 2007. Sin Nombre 
virus infection of deer mice in Montana: characteristics of newly infected 
mice, incidence, and temporal pattern of infection. Journal of wildlife 
diseases, 43(1), pp.12-22. 
Douglass, R.J., Wilson, T., Semmens, W.J., Zanto, S.N., Bond, C.W., Van Horn, 
R.C. and Mills, J.N., 2001. Longitudinal studies of Sin Nombre virus in 
deer mouse-dominated ecosystems of Montana. The American journal of 
tropical medicine and hygiene, 65(1), pp.33-41. 
Ecke, F., Angeler, D. G., Magnusson, M., Khalil, H. & Hörnfeldt, B. 2017. 
Dampening of population cycles in voles affects small mammal community 
structure, decreases diversity, and increases prevalence of a zoonotic 
disease. Ecology and Evolution 7, 5331–5342, doi:10.1002/ece3.3074. 
Ecke, F. och Hörnfeldt, B. 2019 Miljöövervakning av smågnagare. URL: 
http://www.slu.se/mo-smagnagare. [2020-11-18] 
Ecke, F., Berglund, Å.M., Rodushkin, I., Engström, E., Pallavicini, N., Sörlin, D., 
Nyholm, E. and Hörnfeldt, B., 2018. Seasonal shift of diet in bank voles 
33 
 
explains trophic fate of anthropogenic osmium?. Science of The Total 
Environment, 624, pp.1634-1639. 
Elton, Charles, D. H. S. Davis, and G. M. Findlay. 1935. 'An epidemic among 
voles (Microtus agrestis) on the Scottish border in the spring of 1934', 
Journal of Animal Ecology, 4: 277-88. 
Elton, Charles. 1931. 'The Study of Epidemic Diseases among Wild Animals', The 
Journal of Hygiene, 31: 435-56. 
Eskelinen, O. (2004). Studies on the ecology of the wood lemming, Myopus 
schisticolor [PhD thesis, University of Joensuu, Finland]. 
Eskelinen, O., Sulkava, P. and Sulkava, R., 2004. Population fluctuations of the 
wood lemmingMyopus schisticolor in eastern and western Finland. Acta 
theriologica, 49(2), pp.191-202 
Evander, M., Eriksson, I., Pettersson, L., Juto, P., Ahlm, C., Olsson, G.E., Bucht, 
G. and Allard, A., 2007. Puumala hantavirus viremia diagnosed by real-
time reverse transcriptase PCR using samples from patients with 
hemorrhagic fever and renal syndrome. Journal of clinical microbiology, 
45(8), pp.2491-2497. 
Feore, S.M., Bennett, M., Chantrey, J., Jones, T., Baxb, D. and Begon, M., 1997. 
The effect of cowpox virus infection on fecundity in bank voles and wood 
mice. Proceedings of the Royal Society of London. Series B: Biological 
Sciences, 264(1387), pp.1457-1461. 
Fevola, C., Rossi, C., Roberto, R., Nordström, Å., Ecke, F., Magnusson, M., 
Miller, A., L., Niemimaa, J., Olsson, G., E., Jääskeläinen, A., J., 
Hörnfeldt, B., Henttonen, H. & Hauffe, H., C. 2017. Distribution and 
seasonal variation of Ljungan virus in bank voles (myodes glareolus) in 
Fennoscandia. Journal of wildlife diseases. 53(3) pp 552-560 




Forbes, K.M., Sironen, T. and Plyusnin, A., 2018. Hantavirus maintenance and 
transmission in reservoir host populations. Current opinion in virology, 
28, pp.1-6. 
Fredga, K., Gropp, A., Wiking, H. and Frank, F., 1977. A hypothesis explaining 
the exceptional sex ratio in the wood lemming (Myopus schisticolor). 
Hereditas, 85(1), pp.101-104. 
Fuller, W.A., 1988. Is weight a reliable index to age in microtine rodents?. Acta 
Theriologica, 33(17), pp.247-261. 
Gileva, E., A. & Fedorov, V., B. 1991. Sex ratio, XY females and absence of 
inbreeding in a population of the wood lemming, Mypus schisticolor 
Lilljeborg, 1844. The Genetical society of Great Britain. Heredity 66. 
(1991) 351-355. 
Gritsun, T.S., Lashkevich, V.A. and Gould, E.A., 2003. Tick-borne encephalitis. 
Antiviral research, 57(1-2), pp.129-146. 
34 
 
Hadidi, S., Glenney, G.W., Welch, T.J., Silverstein, J.T. and Wiens, G.D., 2008. 
Spleen size predicts resistance of rainbow trout to Flavobacterium 
psychrophilum challenge. The Journal of Immunology, 180(6), pp.4156-
4165. 
Haditsch, M. and Kunze, U., 2013. Tick-borne encephalitis: a disease neglected 
by travel medicine. Travel medicine and infectious disease, 11(5), pp.295-
300. 
Han, B. A., Kramer, A. M., & Drake, J. M. (2016). Global Patterns of Zoonotic 
Disease in Mammals. Trends in Parasitology, 32(7), 565-577. 
https://doi.org/10.1016/j.pt.2016.04.007 
Hazel, S.M., Bennett, M., Chantrey, J., Bown, K., Cavanagh, R., Jones, T.R., 
Baxby, D. and Begon, M., 2000. A longitudinal study of an endemic 
disease in its wildlife reservoir: cowpox and wild rodents. Epidemiology 
& Infection, 124(3), pp.551-562. 
Henttonen, H., McGuire, A.D. and Hansson, L., 1985, Comparisons of amplitudes 
and frequencies (spectral analyses) of density variations in long-term data 
sets of Clethrionomys species. In Annales Zoologici Fennici (pp. 221-
227). Finnish Academy of Sciences, Societas Scientiarum Fennica, 
Societas pro Fauna et Flora Fennica and Societas Biologica Fennica 
Vanamo. 
Hruby, D.E., Maki, R.A., Miller, D.B. and Ball, L.A., 1983. Fine structure 
analysis and nucleotide sequence of the vaccinia virus thymidine kinase 
gene. Proceedings of the National Academy of Sciences, 80(11), pp.3411-
3415. 
Hörnfeldt, B. 1994. Delayed density dependence as a determinant of vole cycles. 
Ecology 75: 791-806. 
Ingram, W.M., Goodrich, L.M., Robey, E.A. and Eisen, M.B., 2013. Mice 
infected with low-virulence strains of Toxoplasma gondii lose their innate 
aversion to cat urine, even after extensive parasite clearance. PloS one, 
8(9), p.e75246. 
Jaaskelainen, A. J., L. Voutilainen, R. Lehmusto, H. Henttonen, M. Lappalainen, 
H. Kallio-Kokko, A. Vaheri, and O. Vapalahti. 2016. 'Serological survey 
in the Finnish human population implies human-to-human transmission of 
Ljungan virus or antigenically related viruses', Epidemiology and 
infection, 144: 1278-85. 
Jackson, J. A., Begon, M., Birtles, R., Paterson, S., Friberg, I. M., Hall, A., Lowe, 
A., Ralli, C., Turner, A., & Zawadzka, M. (2011). The analysis of 
immunological profiles in wild animals: a case study on immunodynamics 
in the field vole, Microtus agrestis. Molecular Ecology, 20(5), 893-909. 
Janova, E., Nesvadbova, J. and Tkadlec, E., 2007. Is the eye lens method of age 
estimation reliable in voles?. FOLIA ZOOLOGICA-PRAHA-, 56(2), 
p.119. 
Jay, M.T., Glaser, C. and Fulhorst, C.F., 2005. The arenaviruses. Journal of the 
American Veterinary Medical Association, 227(6) 
35 
 
Jensen, Thomas Secher: Lemminger. Den Store Danske lex.dk. Altered & based 
on: https://denstoredanske.lex.dk/lemminger [25-02-2021] 
Kallio, E.R., Begon, M., Henttonen, H., Koskela, E., Mappes, T., Vaheri, A. and 
Vapalahti, O., 2010. Hantavirus infections in fluctuating host populations: 
the role of maternal antibodies. Proceedings of the Royal Society B: 
Biological Sciences, 277(1701), pp.3783-3791. 
Kallio, E.R., Voutilainen, L., Vapalahti, O., Vaheri, A., Henttonen, H., Koskela, 
E. and Mappes, T., 2007. Endemic hantavirus infection impairs the winter 
survival of its rodent host. Ecology, 88(8), pp.1911-1916. 
Kallio, Eva R., Antti Poikonen, Antti Vaheri, Olli Vapalahti, Heikki Henttonen, 
Esa Koskela, and Tapio Mappes. 2006. 'Maternal antibodies postpone 
hantavirus infection and enhance individual breeding success', 
Proceedings of the Royal Society of London B: Biological Sciences, 273: 
2771-76. 
Khalil, H., Ecke, F., Evander, M., Bucht, G., & Hörnfeldt, B. (2019). Population 
Dynamics of Bank Voles Predicts Human Puumala Hantavirus Risk. 
Ecohealth, 16(3), 545–555. https://doi.org/10.1007/s10393-019-01424-4 
Khalil, H., Ecke, F., Evander, M., Magnusson, M. and Hörnfeldt, B., 2016. 
Declining ecosystem health and the dilution effect. Scientific Reports, 
6(1), pp.1-11. 
Kahlil, H., Hörnfeldt, B., Evander, M., Magnusson, M., Olsson, G. & Ecke, F. 
2014. Dynamics and drivers of hantavirus prevalence in rodent 
populations. Vector-borne and zoonotic diseases. 14(8) 537-551 
Klempa, B., Fichet-Calvet, E., Lecompte, E., Auste, B., Aniskin, V., Meisel, H., 
Denys, C., Koivogui, L., ter Meulen, J. and Krüger, D.H., 2006. 
Hantavirus in African wood mouse, Guinea. Emerging infectious diseases, 
12(5), p.838. 
Kock, R.A., Orynbayev, M., Robinson, S., Zuther, S., Singh, N.J., Beauvais, W., 
Morgan, E.R., Kerimbayev, A., Khomenko, S., Martineau, H.M. and 
Rystaeva, R., 2018. Saigas on the brink: Multidisciplinary analysis of the 
factors influencing mass mortality events. Science advances, 4(1), 
p.eaao2314. 
Korpimäki E, Brown PR, Jacob J, and Pech RP. 2004. 'The puzzles of population 
cycles and outbreaks of small mammals solved?', BioScience, 54: 1071-
79. 
Koskela, S.M., Laine, O.K., Paakkala, A.S., Mäkelä, S.M. and Mustonen, J.T., 
2014. Spleen enlargement is a common finding in acute Puumala 
hantavirus infection and it does not associate with thrombocytopenia. 
Scandinavian journal of infectious diseases, 46(10), pp.723-726. 
Krebs, J., C., & Myers H., J. 1974. Population cycles in small mammals. Institute 




Lundkvist, Å., Verner-Carlsson, J., Plyusnina, A., Forslund, L., Feinstein, R. and 
Plyusnin, A., 2013. Pet rat harbouring Seoul hantavirus in Sweden, June 
2013. Eurosurveillance, 18(27), p.20521. 
Ma, W.C., 1989. Effect of soil pollution with metallic lead pellets on lead 
bioaccumulation and organ/body weight alterations in small mammals. 
Archives of Environmental Contamination and Toxicology, 18(4), pp.617-
622.  
MacLean Jr, S.F., Fitzgerald, B.M. and Pitelka, F.A., 1974. Population cycles in 
arctic lemmings: winter reproduction and predation by weasels. Arctic 
and Alpine Research, 6(1), pp.1-12. 
Mansfield, K.L., Johnson, N., Phipps, L.P., Stephenson, J.R., Fooks, A.R. and 
Solomon, T., 2009. Tick-borne encephalitis virus–a review of an emerging 
zoonosis. Journal of General Virology, 90(8), pp.1781-1794. 
Mantke, O.D., Kallies, R., Niklasson, B., Nitsche, A. and Niedrig, M., 2007. A 
new quantitative real-time reverse transcriptase PCR assay and melting 
curve analysis for detection and genotyping of Ljungan virus strains. 
Journal of virological methods, 141(1), pp.71-77. 
Marshall, K. 2011. Introduction: Zoonotic diseases. Journal of exotic pet 
medicine. 20(1) 
McKnight, P.E. and Najab, J., 2010. Mann‐Whitney U Test. The Corsini 
encyclopedia of psychology, pp.1-1. 
Meheretu, Y., Stanley, W.T., Craig, E.W., Goüy de Bellocq, J., Bryja, J., Leirs, 
H., Pahlmann, M. and Günther, S., 2019. Tigray Orthohantavirus Infects 
Two Related Rodent Species Adapted to Different Elevations in Ethiopia. 
Vector-Borne and Zoonotic Diseases, 19(12), pp.950-953. 
Menyushina, I.E., Ehrich, D., Henden, J.A., Ims, R.A. and Ovsyanikov, N.G., 
2012. The nature of lemming cycles on Wrangel: an island without small 
mustelids. Oecologia, 170(2), pp.363-371. 
Moller, A. P., G. Sorci, and J. Erritzoe. 1998. Sexual dimorphism in immune 
defense. Am. Nat. 152: 605–619. 
Myers, J.H., 2018. Population cycles: generalities, exceptions and remaining 
mysteries. Proceedings of the Royal Society B: Biological Sciences, 
285(1875), p.20172841.  
Netski, D., Thran, B.H. and Jeor, S.C.S., 1999. Sin Nombre Virus Pathogenesis in 
Peromyscus maniculatus. Journal of Virology, 73(1), pp.585-591. 
Niklasson, Bo, Knud E Heller, Bryan Schønecker, Mogens Bildsøe, Terri Daniels, 
Christiane S Hampe, Per Widlund, William T Simonson, Jonathan B 
Schaefer, and Elizabeth Rutledge. 2003. 'Development of type 1 diabetes 
in wild bank voles associated with islet autoantibodies and the novel 
ljungan virus', Journal of Diabetes Research, 4: 35-44. 
Olsson, G.E., Ahlm, C., Elgh, F., Verlemyr, A.C., White, N., Juto, P. and Palo, 
R.T., 2003. Hantavirus antibody occurrence in bank voles (Clethrionomys 




Olsson, G.E., Leirs, H. and Henttonen, H., 2010. Hantaviruses and their hosts in 
Europe: reservoirs here and there, but not everywhere?. Vector-Borne 
and Zoonotic Diseases, 10(6), pp.549-561. 
Olsson, G.E., White, N., Ahlm, C., Elgh, F., Verlemyr, A.C., Juto, P. and Palo, 
R.T., 2002. Demographic factors associated with hantavirus infection in 
bank voles (Clethrionomys glareolus). Emerging infectious diseases, 8(9), 
p.924. 
Pearson, O., P. 1966. The prey of carnivores during one cycle of mouse 
abundance.  Journal of animal ecology. Vol 35. No 1. British ecological 
society. pp 217-233 
Pelkonen, P.M., Tarvainen, K., Hynninen, A., Kallio, E.R., Henttonen, H., Palva, 
A., Vaheri, A. and Vapalahti, O., 2003. Cowpox with severe generalized 
eruption, Finland. Emerging infectious diseases, 9(11), p.1458. 
Puangkaew, J., V. Kiron, S. Satoh, and T. Watanabe. 2005. Antioxidant defense of 
rainbow trout (Oncorhynchus mykiss) in relation to dietary n-3 highly 
unsaturated fatty acids and vitamin E contents. Comp. Biochem. Physiol. 
C Toxicol. Pharmacol. 140: 187–196 
 R Core Team. 2018. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL: 
http://www.R-project.org 
Radchuk, V., Ims, R.A. and Andreassen, H.P., 2016. From individuals to 
population cycles: the role of extrinsic and intrinsic factors in rodent 
populations. Ecology, 97(3), pp.720-732. 
Reil, D., Imholt, C., Eccard, J.A. and Jacob, J., 2015. Beech fructification and 
bank vole population dynamics-combined analyses of promoters of human 
Puumala virus infections in Germany. PLoS ONE, 10(7), e0134124 
Sandvik, T., Tryland, M., Hansen, H., Mehl, R., Moens, U., Olsvik, Ø. and 
Traavik, T., 1998. Naturally occurring orthopoxviruses: potential for 
recombination with vaccine vectors. Journal of clinical microbiology, 
36(9), pp.2542-2547. 
Schmaljohn, C. and Hjelle, B., 1997. Hantaviruses: a global disease problem. 
Emerging infectious diseases, 3(2), p.95. 
Schwaiger, M. and Cassinotti, P., 2003. Development of a quantitative real-time 
RT-PCR assay with internal control for the laboratory detection of tick 
borne encephalitis virus (TBEV) RNA. Journal of Clinical Virology, 27(2), 
pp.136-145. 
Skarén, U., 1981. Listeriosis killing wood lemmings, Myopus schisticolor Lilljeb. 
Zeitschrift für Säugetierkunde 46, 395–396. 
Stenseth, N., C. 1978. Is the female biased sex ratio in wood lemming Myopus 
schisticolor maintained by cyclic inbreeding?. Oikos, vol. 30, No. 1 pp 
83-89 
Stenseth, N.,C & Ims, R., A. 1993. The biology of lemmings. Linnean society 
symposium series no. 15. Academic press. pp 37-39 
38 
 
Stryjek, R., Kalinowski, A. and Parsons, M.H., 2019. Unbiased sampling for 
rodents and other small mammals: how to overcome neophobia through 
use of an electronic-triggered live trap—a preliminary test. Frontiers in 
Ecology and Evolution, 7, p.11. 
Süss, J., 2003. Epidemiology and ecology of TBE relevant to the production of 
effective vaccines. Vaccine, 21, pp.S19-S35. 
Telfer, S., Bennett, M., Bown, K., Cavanagh, R., Crespin, L., Hazel, S., Jones, T. 
and Begon, M., 2002. The effects of cowpox virus on survival in natural 
rodent populations: increases and decreases. Journal of Animal Ecology, 
71(4), pp.558-568. 
Tersago, K., Schreurs, A., Linard, C., Verhagen, R., Van Dongen, S. and Leirs, 
H., 2008. Population, environmental, and community effects on local bank 
vole (Myodes glareolus) Puumala virus infection in an area with low 
human incidence. Vector-Borne and Zoonotic Diseases, 8(2), pp.235-244 
Tonteri, E., Jääskeläinen, A.E., Tikkakoski, T., Voutilainen, L., Niemimaa, J., 
Henttonen, H., Vaheri, A. and Vapalahti, O., 2011. Tick-borne 
encephalitis virus in wild rodents in winter, Finland, 2008–2009. 
Emerging infectious diseases, 17(1), p.72. 
Tonteri, E., Kipar, A., Voutilainen, L., Vene, S., Vaheri, A., Vapalahti, O. and 
Lundkvist, Å., 2013. The three subtypes of tick-borne encephalitis virus 
induce encephalitis in a natural host, the bank vole (Myodes glareolus). 
PloS one, 8(12), p.e81214. 
Lindquist, L. and Vapalahti, O., 2008. Tick-borne encephalitis. The Lancet, 
371(9627), pp.1861-1871. 
Vaheri, A., Strandin, T., Hepojoki, J., Sironen, T., Henttonen, H., Mäkelä, S. and 
Mustonen, J., 2013. Uncovering the mysteries of hantavirus infections. 
Nature Reviews Microbiology, 11(8), pp.539-550 
Vapalahti,O., Mustonen, J., Lindkvist, A., Henttonen, H., Plyusnin, A, & Vaheri, 
A. 2003. Hantavirus infections in Europé. Lancet Infectious diseases, 3. 
pp 653-661 
Vieth, S., Drosten, C., Lenz, O., Vincent, M., Omilabu, S., Hass, M., Becker-
Ziaja, B., ter Meulen, J., Nichol, S.T., Schmitz, H. and Günther, S., 2007. 
RT-PCR assay for detection of Lassa virus and related Old World 
arenaviruses targeting the L gene. Transactions of the Royal Society of 
Tropical Medicine and Hygiene, 101(12), pp.1253-1264.  
Vitullo, A.D. and Merani, M.S., 1988. Is vertical transmission sufficient to 
maintain Junin virus in nature?. Journal of general virology, 69(6), 
pp.1437-1440. 
Vitullo, A.D., Hodara, V.L. and Merani, M.S., 1987. Effect of persistent infection 
with Junin virus on growth and reproduction of its natural reservoir, 
Calomys musculinus. The American journal of tropical medicine and 
hygiene, 37(3), pp.663-669. 
39 
 
Vorou, R.M., Papavassiliou, V.G. and Pierroutsakos, I.N., 2008. Cowpox virus 
infection: an emerging health threat. Current opinion in infectious 
diseases, 21(2), pp.153-156. 
Vuorinen, J.A. and Eskelinen, O., 2005. Long-term stability of allozyme 
frequencies in a wood lemming, Myopus schisticolor, population with a 
biased sex ratio and density fluctuations. Heredity, 94(4), pp.443-447. 
Wallgren, B. (2019) The role of predation in mass mortality of wood lemmings 
(Myopus schisticolor), (Examensarbete / SLU, Instutitionen for vilt, fisk 
och miljö 2019:7) Sveriges Lantbruksuniversitet. 
http://urn.kb.se/resolve?urn=urn:nbn:se:slu:epsilon-s-10457 
Wegge, P. and Rolstad, J., 2018. Cyclic small rodents in boreal forests and the 
effects of even-aged forest management: Patterns and predictions from a 
long-term study in southeastern Norway. Forest Ecology and 
Management, 422, pp.79-86. 
Witmer, G. and Proulx, G., 2010. Rodent outbreaks in North America. Rodent 
outbreaks: ecology and impacts, p.253. 
Woolhouse, M.E., 2002. Population biology of emerging and re-emerging 
pathogens. Trends in microbiology, 10(10), pp.s3-s7. 
Yahnke, C.J., Meserve, P.L., Ksiazek, T.G. and Mills, J.N., 2001. Patterns of 
infection with Laguna Negra virus in wild populations of Calomys laucha 
in the central Paraguayan chaco. The American journal of tropical 
medicine and hygiene, 65(6), pp.768-776. 
Zapata, J.C. and Salvato, M.S., 2013. Arenavirus variations due to host-specific 




I would like to thank my supervisor Frauke Ecke and assistant supervisor Magnus 
Magnusson for helping me and guiding me through this thesis. A big thanks to Mark 
Jamieson for all the invaluable help, both in pushing me through R and through my 
writing process. Thanks so much to Laura Juvany Canovas for supporting me all 
the way, keeping me positive, motivating and helping greatly with my writing. I 
would also like to thank Björn Wallgren, my lab partner for sharing the interesting 
and fun experience in the lab and Richard Larsson for great discussions and help. 
Also, a big thanks to my family for always being supportive from start to finish. 
 
An extra special, thank you to Cau for sitting by my side at home every single day, 





















































The entire list of published numbers can be found at www.slu.se/viltfiskmiljo 
